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Abstract
The compressibility of an extended d− p Hubbard model is investigated by the Roth’s two-pole approximation.
Using the factorization procedure proposed by Beenen and Edwards, superconductivity with singlet dx2−y2 -wave
pairing is also considered. Within this framework, the effects of d − p hybridization and Coulomb interaction
U on the compressibility are studied carefully. It has been found that the compressibility diverges and then it
becomes negative near the half-filling. Within Roth’s method, it has been verified that an important contribution
for the negative compressibility comes from the spin-correlation term 〈S+j S
−
i 〉 present in Roth’s band shift. This
correlation function plays an important role due to its high doping dependence. Also, its effects in the band shift
and consequently in the compressibility are pronounced near the half-filling. The numerical results show that the
hybridization acts in the sense of suppressing the negative compressibility near half-filling. Finally, the possibility
of a connection between the negative compressibility and the phase separation is also discussed.
The non-Fermi liquid behavior observed in the normal state of the underdoped regime in cuprate systems has
been subject of plenty study in recent years [1]. The existence of pseudogap, stripes and phase separation [1, 2] in
the normal state, becomes appreciably hard the experimental and theoretical understanding of these systems. As the
cuprates are strongly correlated electron systems, it is believed that the one-band Hubbard model can capture their
main physical properties[2]. However, although this model gives interesting results, probably, a model which takes into
account the hybridization between the d− and p−orbitals can be more adequate to treat these systems [3]. Recently,
the present authors have applied the Roth’s two-pole approximation [4] to study the effects of d− p hybridization on
the superconducting properties of an extended d− p Hubbard model [3, 5, 6]. The authors followed the factorization
procedure proposed by Beneen and Edwards [7] to consider d−wave superconductivity. However, near the half-filling,
the obtained results show that the compressibility (κ = dnT
dµ
) diverges in a critical value of total occupation number
nT (where nT = n
d
σ+n
d
−σ), and then, it becomes negative. Nevertheless, the divergence may be associated with phase
separation which occurs in the underdoped regime of the cuprate systems [2]. In this work, the nature of the divergence
and the negative compressibility has been carefully investigated in the framework of the Roth’s approximation [4].
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1
The model used [3] is given by:
H =
∑
i,σ
(εd − µ)d
†
iσdiσ +
∑
i,j,σ
tdijd
†
iσdjσ + U
∑
i
ndi↑n
d
i↓
+
∑
i,σ
(εp − µ)p
†
iσpiσ +
∑
i,j,σ
tpijp
†
iσpjσ
+
∑
i,j,σ
tpdij
(
d†iσpjσ+p
†
iσdjσ
)
(1)
where µ is the chemical potential. The Green’s functions necessary to treat the problem were obtained following the
Roth’s standart procedure [4], and they are found in reference [3]. The Roth’s band shift Wkσ = W
d
kσ +W
pd
σ is given
in terms of correlation functions which can be evaluated from the obtained Green’s functions (see Refs. [3, 6]). The
W d
kσ is given as:
nd−σ(1 − n
d
−σ)W
d
kσ = h1σ +
∑
j 6=0
td0je
ik·Rjhjσ (2)
where hjσ = h2jσ + h3jσ and j stand for the nearest neighbors of the i site. The term h1σ is nT -dependent but it is
k-independent. The second term in the right side of Eq. (2) is both nT and k-dependent. As discussed in Ref. [3], the
term h3jσ , which is directly associated with the superconductivity, is quite small and therefore, it can be disregarded.
Finally, h2jσ = F
(1)
jσ + F
(2)
jσ + F
(3)
3jσ with,
F
(1)
jσ = −
αjσn
d
0jσ + βjσmjσ
1− βσβ−σ
(3)
F
(2)
jσ = 〈S
+
j S
−
0 〉 = −
αjσn
d
0j−σ + βjσmj−σ
1 + βσ
(4)
F
(3)
jσ = −
αjσn
d
0j−σ + βjσ(n
d
0j−σ −mj−σ)
1− βσ
(5)
where nd0jσ, mjσ , αjσ and βjσ are given in Ref. [3]. The correlation function F
(2)
jσ is high doping δ dependent (where
δ = 1−nT ), mainly near half-filling. Considering a model where t
d
0j = t
d for the z neighbors, only one value (j = 1) of
h2jσ , named h21σ, is need. The figures 1(a) and 1(b) show the behavior ofW
pd
σ and F
(2)
1σ as functions of nT for different
values of Coulomb interaction U and V pd0 . The quantity V
pd
0 stand for the k-independent hybridization [3]. It is clear
from figures 1(a) and 1(b) that at least two important effects presented in the band shift Wkσ are responsible for
the unexpected behavior of the compressibility. The first effect is associated with the spin-correlation term 〈S+j S
−
0 〉,
which decreases significantly near half-filling as can be observed in figures 1(a) and 1(b). Therefore, due to the effect
of 〈S+j S
−
0 〉, in the underdoping regime, the lower Hubbard band becomes very flat in the region of the point (pi, pi)
[7], resulting in a peak in the density of states close to the charge-transfer gap (due to Coulomb interaction U). As
consequence, below a critical doping δc, the chemical potential µ decreases. Moreover, the compressibility diverges
in δc, and then, it becomes negative (see figs. 1(c) and 1(d) ). Nevertheless, it has been verified that the hybridized
shift W pdσ presented in Wkσ moves the divergence towards the half-filling when the hybridization is enhanced. This
behavior is clear in figures 1(c) and 1(d), which show the chemical potential and the compressibility as functions of nT .
Using a systematic large-N expansion, in Ref. [8] the authors have studied the compressibility of the two-dimensional
infinite-U one-band Hubbard model. They showed that a critical doping δc = 0.07± 0.01 exists, and it may sign the
instability of the Fermi liquid phase (below δc) and the onset where phase separation can take place. Concerning the
divergence in the compressibility, although the present model and procedure are distinct from those used in reference
[8], the results are in agreement. Finally, it has been also verified that the d− p hybridization moves the divergence in
the compressibility towards the half-filling, mainly due to its effect on W pdσ . Therefore, the doping range where there
are phase separation and Fermi liquid instability decreases if the hybridization is enhanced.
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Figure 1: In (a), the hybridized shift W pdσ and the correlation function F
(2)
1σ are shown as functions of nT for U = 8|t
d|.
The hybridizations V = V pd0 /|t
d| are given in the top of figure (a). (b) show W pdσ and F
(2)
1σ for V
pd
0 = 1.0|t
d| and
different Coulomb interactions. In (c), the chemical potential is shown as a function of nT for U = 8|t
d|. The the
hybridizations V are given in the top of figure (c). (d) dependence of the compressibility on nT for the parameters
identical to (c). (kBT = 0.0 and t
d = −0.5eV ).
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